Abstract. Compressional waves with periods greater than 2 min (about 10±30 min) at low geomagnetic latitudes, namely compressional Pc5 waves, are studied. The data set obtained with magnetometer MIF-M and plasma analyzer instrument CORALL on board the Interball-1 are analyzed. Measurements performed in October 1995 and October 1996 in the dawn plasma sheet at À30 i X GSM and jZ GSM j 10 i are considered. Anti-phase variations of magnetic ®eld and ion plasma pressures are analyzed by searching for morphological similarities in the two time series. It is found that longitudinal and transverse magnetic ®eld variations with respect to the background magnetic ®eld are of the same order of magnitude. Plasma velocities are processed for each time period of the local dissimilarity in the pressure time series. Velocity disturbances occur mainly transversely to the local ®eld line. The data reveal the rotation of the velocity vector. Because of the ®eld line curvature, there is no ®xed position of the rotational plane in the space. These vortices are localized in the regions of anti-phase variations of the magnetic ®eld and plasma pressures, and the vortical ows are associated with the compressional Pc5 wave process. A theoretical model is proposed to explain the main features of the nonlinear wave processes. Our main goal is to study coupling of drift Alfven wave and magnetosonic wave in a warm inhomogeneous plasma. A vortex is the partial solution of the set of the equations when the compression is neglected. A compression eect gives rise to a nonlinear soliton-like solution.
Introduction
Concurrent variations of the magnetic ®eld pressure and plasma thermal pressure with periods greater than 2 min (about 10±30 min) at low geomagnetic latitudes, namely compressional Pc5 waves, have been variously studied based on the data set obtained with OGO 5 (Kokubun et al., 1977) , ATS 6 (Su et al., 1977) , ATS 1 (Bar®eld and McPerron, 1978) , GOES 2, 3 (Bar®eld and Lin, 1983) , GEOS 2 (Walker et al., 1982) and AMPTE (Bauer et al., 1995) . It should be noted that the measurements performed at the geostationary orbit with two satellites GOES 2, 3 (Takahashi et al., 1985) and four satellites (Takahashi et al., 1987) revealed the standing structure of the compressional Pc5 wave along the geomagnetic ®eld line (Takahashi, 1988; Takahashi et al., 1990) . Extensive classi®cation of the ULF wave events in the Pc3±5 frequency range detected under the magnetopause was carried out by Anderson et al. (1990) . The main features of the ULF events are described in the literature cited as follows:
1. Coincidence of the mean period of quasi-sinusoidal signal with the typical periods of Pc3±5 2. Anti-phase variations of ion plasma pressure and magnetic ®eld pressure 3. Localization in the low-latitude¯ank sectors 4. Relatively high values of plasma b $ 1 5. Comparable oscillations of longitudinal (compressional) and transverse magnetic ®eld components with respect to the background magnetic ®eld 6. Association with the geomagnetic storm activity Except for analysis of ISEE 1/2 data Kivelson, 1991, 1994) , studies of the compressional Pc5 waves were performed using data obtained relatively close to the Earth at the geocentric distances of less than or about 10 Earth radii. The goal of our analysis is to study similar wave events in the middle tail, i.e. at geocentric distances of about 20 Earth radii. Because of dierent physical conditions in these regions, excitation mechanisms of the waves should be also dierent.
Several mechanisms have been considered to explain the excitation of compressional ULF events in a warm inhomogeneous plasma environment with b 1 at the low-latitude inner plasma sheet and in the vicinity of the ring current region. One of them applied to the waves with large azimuth numbers (m $ 10 2 ) was proposed in a number of papers Hasegawa, 1991, 1994; Chan et al., 1994) and studied in terms of the reduced gyrokinetic theory. The local instabilities due to energetic particle¯uxes in inhomogeneous core plasma with anisotropic velocity distribution are assumed to be the main wave excitation mechanism. Thus, coupled driftAlfven ballooning mirror modes were considered to explain the observed phenomena (Chen and Hasegawa, 1991; Chan et al., 1994) . Alternative excitation mechanism of the waves with both compressional and transverse components taking into account pressure anisotropy and magnetic ®eld curvature-pressure gradient factors was proposed in the papers by Cheng (1991 Cheng ( , 1994b and Cheng and Qian (1994a) . Internal (local) instabilities under realistic plasma conditions at closed ®eld lines are suggested as a probable excitation mechanism in all these models. Energetic particle¯uxes originated in the ring current region can produce wave excitation. The mechanism that could be responsible for excitation of similar compressional waves measured at the geocentric distances of about 20 Earth radii requires further study.
Vortex events were investigated in the dawn plasma sheet using the ISEE-1, 2 data (see Hones et al., 1978; Hones et al., 1981; Saunders et al., 1981; Hones et al., 1983; Saunders et al., 1983a, b) . Distinct plasma rotations were observed during intervals of 20 min and velocity ranged within 30 and 300 km/s. Spatial scales of about 5 Earth radii were detected. Those results were interpreted as evidence for a convective vortex street induced by the Kelvin-Helmholtz instability. However, the vortical¯ows were found to be associated with longperiod geomagnetic pulsations. The nature of this connection is still poorly understood.
The present study is based on the experimental data obtained with the Interball-1 instruments. To study properties of compressional wave events in the dawn plasma sheet, the authors provided an analysis of plasma and magnetic ®eld measurements in the middle tail of the Earth magnetosphere for selected time intervals. Reliable identi®cation of the anti-phase variations of the plasma and magnetic ®eld pressures, and possible association with vortex¯ows in the same region were of great interest. A theoretical model is considered to explain the main features of the nonlinear wave processes. The main goal of such an analysis is to study the coupling of the drift Alfven wave and magnetosonic wave.
Data analysis
The measurements obtained in October 1995 and October 1996 when Interball-1 probe was situated in the low-latitude dawn¯ank of the magnetosphere were selected. The data obtained with the magnetometer MIF-M (Klimov et al., 1997) and the plasma analyzer instrument CORALL (Yermolaev et al., 1997) were analyzed. This study is mainly based on the key parameters, i.e. the data averaged over 2-min intervals. The region studied was limited by the conditions À5 and 10, with coordinates taken in the GSM-system in the Earth's radii. Then we selected the time intervals for which the data from the both instruments were available. Using the plasma regime identi®cation criteria for data selection (Eastman et al., 1997; Christon et al., 1997) we excluded the lobe region crossings from the study. Only the data obtained in the plasma sheet and boundary layers were considered. Ion temperatures and plasma densities vary within 10 2 À10 3 eV and 0.1±10 cm A3 respectively. Probe positions with 1 h time resolution of the selected time intervals are shown in Fig. 1 . Magnetopause position is evaluated according to the model presented by Sibeck et al. (1991) . The measurements obtained far enough from the magnetopause are analyzed. For the time intervals under study the mean distance of the probe from the magnetopause was about 6 Earth radii and the most of the measurements were obtained at distances about 4 Earth radii from it. Time intervals and corresponding probe coordinates (in the Earth radii) are listed in Table 1 , where`dd' is the day and`hh' is the hour (in UT). The indices 1 and 2 denote values attributed to initial and ®nal positions of the spacecraft at selected time intervals, respectively. Mean values of the activity index D st provided by the WDC-B are presented.
Firstly, the compressional wave events were identi®ed by comparing anti-phase variations of the magnetic pressure and plasma thermal pressure, and thus corresponding time intervals of the events were selected. These variations are typical for the magnetosonic-type and mirror disturbances in homogeneous plasma. Then, low-frequency waves have both Alfven-type and magnetosonic-type properties in inhomogeneous plasma with curvilinear background magnetic ®eld (Mikhaylovskiy, 1991) . Thus, these waves have comparable variations of compressional and transverse magnetic ®eld components with respect to the background magnetic ®eld. Some events are shown in Fig. 2a±d . The magnetic ®eld pressure and plasma thermal pressure time series are presented there. The data without linear trend processed with a digital ®lter are also shown.
Special methods and software were developed to select sub-intervals with distinct anti-phase variations of the pressure data identifying the compressional wave events. These variations manifest themselves by dissimilarities in the pressure data for selected time intervals. Such a method is based partly on some approaches used for searching of local similarities in DNA strings (Huang and Miller, 1991; Huang and Waterman, 1992) . Simultaneously, it is necessary to notice that these approaches can not be applied directly to our study since they were used for data sets where the corrupting in¯uence of noise was not considered. However, our data are characterized by a relatively large level of noise. This noise includes both instrumental noise and other disturbances which are beyond our study. So, time segments with anti-phase-variations of the pressures (dissimilarity segments) and time segments with in-phase variations of the pressures (similarity or noisy segments) occur intermittently in the studied time intervals. These noisy segments are considered as``false alarms''. Note that the term``false alarm'' is widely used in the ®eld of time series segmentation, target detection etc. It is obvious that total length of all false alarm segments cannot be too large with respect to the length of the remaining segments with dissimilarities. We introduce the zero statistical hypothesis about the random character of an interval. Then Mann-Whitney rank-sum statistics were used to verify and to reject the hypothesis (Basseville and Beveniste, 1986) . We supposed that the dissimilarity segment length had to be larger than that of the false alarm segment. The dynamic programming approach was used to solve the respective global optimization problem. Result of application of the selection procedure to two random data series is presented in Fig. 3 . The dissimilarity segment is shown by the bottom line. The maximum probability of``false alarms'' in the data segment, i.e. ratio of`bad points' to the`good points', is not higher than 0.21.
Thus, the time sub-intervals with durations more than 20 min and with local dissimilarities in the two time series with the false alarm probability of about 0.21 are used. The magnitude of cross-correlation coecient for the pressure data estimated for the intervals listed in Table 1 is about 0.1±0.5. In the time series`good' segments with distinct anti-correlation occur intermittently with noisy segments. This eect explains the relatively low value of the coecient. In contrast, the magnitude of the cross-correlation coecient for selected sub-intervals reaches 0.7±0.99. Some of the subintervals with low-frequency anti-phase variations are shown in Fig. 2a±d by the bottom lines. Compressional events were selected for both disturbed and medium activity conditions (see Table 1 ). It should be noted that for several selected time intervals in the measurements obtained in the dusk¯ank in December 1995 and December 1996, compressional wave events are not found. This result points to possible dawn-dusk asymmetry of the wave process.
To study spectra properties polynomial ®lters with high-frequency cut-o and improved characteristics in the low-frequency region were used. Results revealed some correspondence between the frequency peaks in the magnetic ®eld and plasma pressure data. The synthetic spectra of a time series constructed by joining plasma and magnetic pressure data corresponding to local dissimilarities found in October 1995 data is shown in Fig. 4 . The local dissimilarity interval with minimum duration corresponds to an arrowed frequency. The wave periods corresponding to spectra maxima of the pressures are about 10±20 min. These values are dierent for various time intervals. It is assumed that the fact can be explained by distinctions of plasma parameters for dierent space regions.
The second step of our study was to extract the background magnetospheric ®eld from the data records. The determination of the direction of the magnetic ®eld disturbances with respect to the local ®eld line was made. For this purpose, the averaging of the magnetic ®eld data by a ®lter over 1 h time intervals was performed. Averaged ®eld values are shown in Fig. 5a , b by lines. Points indicate the experimental data with 2 min resolution. Variations of compressional and transverse magnetic ®eld components are of the same order of magnitude. They are presented in Fig. 6a, b , where solid Therefore the process can be considered as a result of coupling between Alfven-type wave and magnetosonictype wave.
An alternate procedure of magnetosphere magnetic ®eld evaluation is based on the updated empirical model by Tsyganenko (1995) , and Tsyganenko and Stern (1996) . The last version of the model contains new representation of tail and ring currents and parametrization by D st index. Solar wind dynamic pressure P dyn , interplanetary magnetic ®eld components B y and B z , D st index are used as input parameters for magnetosphere magnetic ®eld simulations at the positions of Interball-1. Current geodipole tilt angle is determined using the program package GEOPACK updated by N. A. Tsyganenko and M. Peredo in 1996 . The solar wind data obtained on board the WIND spacecraft were taken through the ISTP key parameter program. The time delay required for solar wind¯ow to reach the subsolar magnetopause point from the WIND position is taken into account. Such time delays calculated in the simplest way are from 30 to 50 min for the time intervals under study. The model shows a good agreement with the average value of the measured magnetic ®eld for days with medium D st , but experimental values are somewhat higher than those of the model for quiet days just after unusually active periods. Several model ®eld values (indicated by crosses) are presented for comparison in Fig. 5 . According to the simulation the decrease in D st index leads to the increase of B y and B z background ®eld components at the¯anks. With energy being stored in the magnetosphere, the background ®eld is assumed to be disturbed for a prolonged time interval. This eect is not taken into account in the empirical model. Simulation results are arguments in favour of connection of background magnetic ®eld enhancement with the ring current disturbances during active geomagnetic periods. Such a discrepancy between the model and mean experimental values may be also explained by the crude evaluation of the time delay. To ®nd a reliable time lag, a correlation analysis between solar wind and magnetosphere parameters in the region under study should be made. Therefore, this method of evaluation of the ®eld components was rejected in the current study.
Under the third stage of the study, connection of the compressional waves with vortical¯ows is considered. According to theory, vortices and vortex tubes are typical features of nonlinear drift Alfven waves. The vortices are assumed here to deal with the low-frequency anti-phase variations of the pressures. To verify the assumption, time intervals with enough number of`good points', i.e. time sub-intervals with relatively low level of noise are studied. Plasma velocities are processed for each time interval during which the local dissimilarity in the pressure time series, i.e. distinct anti-phase behaviour in the time series, is found. Distribution of angles between ®eld line and the velocity vectors are presented in Fig. 7 . Velocity disturbances occur predominantly in the orthogonal direction to the local ®eld line. The velocity data reveal the vector rotations in the studying time intervals. Velocity hodographs in the plane (XY) of the GSM coordinate system are presented in Fig. 8 . Application of the minimum variance method shows that there is no ®xed position of the rotational plane in the space. This plane can change its orientation in a space because of the ®eld line curvature.
Thus, it is assumed that the vortical¯ows are connected with the compressional wave processes. It should be noted that these vortices are localized in the regions of anti-phase variations of the magnetic ®eld and plasma pressures. To support this statement we note that the vortices and compressional wave events are detected at the same time intervals (compare Figs. 2 and 8) . 
Model of the nonlinear compressional waves
The low-frequency large-scale phenomena accompanied by large-amplitude compression eects and rotation of the ion velocity vectors were discovered. The former feature represents the fast magnetosonic waves causing the strongest compression eect in the warm plasma with b 1. The latter feature may be explained in terms of the drift Alfven vortices in inhomogeneous plasma. Several theoretical models were developed applying formalism of nonlinear drift Alfven waves to treat the ionosphere and magnetosphere vortical events (Petviashvili and Pokhotelov, 1989; Chmyrev et al., 1988) . The wave events detected far enough from the model magnetopause were studied (see Fig. 1 ). The mean distance of the probe from the model magnetopause was about 6 Earth radii. Thus excitation of these waves due to the Kelvin-Helmholtz instability is not considered.
Alfven vortices in the dawn plasma sheet with taking into account variations of the magnetic ®eld along the ®eld line were considered. Thus, the coupling of the drift Alfven wave with the fast magnetosonic wave, that occur in warm plasma environment, was included in the consideration.
Following the standard approach to the problem, large-scale and slow wave processes (x ( x fi Y k ) i x fi q i ) in a plasma system which is inhomogeneous in X-direction was considered (see Fig. 9 ). Here x fi is the ion gyrofrequency, and q i is the ion gyroradius. The magnetic ®eld variations are expressed using the parallel vector potential component and variation of the parallel magnetic ®eld:
Here the square brackets denote vector product. The electric ®eld variations take the form: Fig. 5a, b . Averaged values of the magnetic ®eld magnitude (solid lines) and corresponding experimental data with 2 min resolution (points) are presented for time intervals from 07:00 UT to 12:00 UT 2 October, 1995 and of from 04:00 UT to 8:00 UT 25 October, 1995
where / is the potential of the electric ®eld. For low b-plasma in the framework of standard approach we consider k c ( k jj and$ %$ c . So, the wave propagates almost transversely to the local ®eld line and B jj 3 0. A basic nonlinear system of equations was derived for the Vlasov equation for ions averaged over the cyclotron rotation and for the equation of electron motion along the ®eld line (Chmyrev et al., 1988) . Partial solutions of the system are Alfven vortices and vortex chains. In the case of ®nite b-plasma we include B jj T 0. Thus magnetic ®eld transverse variations relative to local ®eld lines represent the Alfven-type waves and variations along the ®eld line are connected with the magnetosonictype waves. The equation for B jj was obtained from projection of the equation of electron motion into the plane which is transverse to the ®eld line:
where p is the pressure andṼ is the electron velocity.Ṽ c is determined by the electric drift velocity. In this drift approximation electric ®eld transverse variations relative to the local ®eld line are almost potential. The result takes the form:
where we use the dimensionless variables according to the paper by Chmyrev et al. (1988) :
Y and the Poisson brackets:
dx X Here we used Alfven velocity V e , particle number density n and the spatial scale q s g s x fi , where g s ± is the ion sound velocity. The form of the main system of equations remains unchanged (Petviashvili and Pokhotelov, 1985; Chmyrev et al., 1988) :
except for inclusion of the last equation and a small term with B jj in the operator:
The Eq. (3) was derived in the lowest approximation on the small parameter. The partial solutions of the system are both vortices and nonlinear localized solutions. The latter solutions are typical feature of the equations with the Korteweg ± de Vries nonlinearity, which deals with compression eects.
Partial solution: vortex-type structure Drift Alfven vortices are obtained by taking into account the vector-type nonlinearity of the Poisson brackets and by neglecting the compression. A partial solution was obtained in a number of papers (Chmyrev et al., 1988; Petviashvili and Pokhotelov, 1989 ) and took A a r g 1 J 1 k 1 r g 2 J 2 k 2 r cos hY r r 0 Y A g 3 k 1 sr cos hY r ! r 0 X 4
Here aY k 1 Y k 2 Y s and r 0 are parameters of the solution. This vortex is a localized structure and exponentially decreases at large distances from its centre. This solution represents vortical¯ows in a plane. However, we neglect magnetic ®eld disturbances along the ®eld line and compressional eects which are important for the wave events under study.
Partial solution: soliton-type structure Axisymmetric partial solution of the system (3) in a plane rY g, where
can be constructed by standard methods (e.g. see Petviashvili and Pokhotelov, 1989; Chmyrev et al., 1988) . Axisymmetric drift Alfven vortex obeys the equation:
which diers from the results of Chmyrev et al. (1988) by the small term proportional to e. Here, s is a parameter. By iterating we can construct the following equation:
An equation of the same form was studied numerically (Horton and Hasegawa, 1994) . Its solution is:
which describes soliton-like impulses of the potential. Particle number density also has a solution in the form of Eq. (6). This eect is possibly the result of plasma trapping in the nonlinear wave structure. A compressional eect producing in a warm plasma results in small variations along the ®eld line B jj T 0) and soliton-like axisymmetric structures. This eect deals with solitons which are common for nonlinear magnetosonic waves. It should be noted that variations of the parallel magnetic ®eld are also connected with the vorticity of the plasma by the expression:
which provides the vortex solutions.
Conclusions
We have analyzed magnetic ®eld and plasma data obtained with Interball-1 in the low-latitude dawn¯ank of the magnetosphere. The study was made in the middle tail at radial distances of about 10±20 R E . Compressional Pc-5 type disturbances were found in the dawn plasma sheet. By searching for morphological similarities it is possible to select time intervals with distinct anti-phase variations of the magnetic and plasma pressures. The model estimation of wave structure was made by averaging the magnetic ®eld data over 1 h time intervals. From the results obtained several conclusions can be made:
1. Compressional large-scale waves were detected in the dawn¯ank of the middle tail. Preliminary results show that these events are absent in the dusk¯ank. Possible dawn-dusk asymmetry in excitation of the compressional waves in the low-latitude plasma sheet requires further study. 2. These wave events represent features of both Alfven waves and magnetosonic waves. Variations of compressional and transverse magnetic ®eld components are of the same order of magnitude. 3. Vortices were found at the time intervals under study. Plasma rotation occurs predominantly in the orthogonal direction to the local ®eld line. Due to the ®eld line curvature, there is no ®xed position of rotational plane in a space. 4. Theoretical model of the listed processes taking into account the coupling of drift Alfven and magnetosonic waves is proposed. A vortex is the partial solution of the set of the equations when compression is neglected. The compression eect gives raise to nonlinear soliton-like solution.
Successive approximations of the small parameter e will provide the theoretical model with input on the compressional eects. This is the subject of further study. Thus the partial solution of the system (3) representing both vortex and compressional properties will be obtained.
Further progress in the problem of compressional large-scale events is connected with multipoint measurements of the magnetic ®eld structure and velocity ®elds. It seems promising to make comparison with the Geotail measurements of ULF wave events made in the tail. 
